12 Most eukaryotes inherit their mitochondria from only one of their parents. When there are different 13 sexes, it is almost always the maternal mitochondria that are transmitted. Indeed, maternal 14 uniparental inheritance has been reported for the brown alga Ectocarpus but we show in this study 15 that different strains of Ectocarpus can exhibit different patterns of inheritance: Ectocarpus 16 siliculosus strains showed maternal uniparental inheritance, as expected, but crosses using different 17 Ectocarpus species 7 strains exhibited either paternal uniparental inheritance or an unusual pattern 18 of transmission where progeny inherited either maternal or paternal mitochondria, but not both. A 19 possible correlation between the pattern of mitochondrial inheritance and male gamete 20 parthenogenesis was investigated. Moreover, in contrast to observations in the green lineage, we did 21 not detect any change in the pattern of mitochondrial inheritance in mutant strains affected in life 22 cycle progression. Finally, an analysis of field-isolated strains provided evidence of mitochondrial 23 genome recombination in both Ectocarpus species. 24
Introduction 27
The sexual progeny of most eukaryotes inherit mitochondria from only one of their two parents (Birky 2001; 28 Breton and Stewart 2015) . This uniparental pattern of inheritance is thought to exist to control the spread of 29 selfish genetic elements that may arise in the mitochondrial genome and to limit conflicts between 30 mitochondrial and nuclear genomes (Sato and Sato 2013; Breton and Stewart 2015; Greiner et al. 2015) . In 31 organisms with different sexes it is usually the mitochondria of the female parent (i.e. the partner with the 32 largest gametes) that are transmitted to the progeny. One possible reason for this is that male gametes are 33 usually more metabolically active, for example because they are motile, and this may increase the risk of 34 oxidative damage to the paternal mitochondrial genomes (Allen 1996; Lynch 1996 ; Roze et al. 2005; 35 Greiner et al. 2015) . In addition, in many species the production of male gametes involves more cell 36 divisions than the production of female gametes and this also increases the risk of mitochondrial genome 37 mutation (Crow 2000; Greiner et al. 2015) . Note that maternal mitochondrial inheritance may therefore be 38 conducive to the production of large amounts of sperm, which will tend to improve fitness under conditions 39 of broadcast dispersal or when sperm competition is high. 40
In oogamous species, where the large female gamete (the egg cell) contributes more mitochondria to the 41 zygote than the small male gamete (sperm cell), a bottleneck phenomenon (Breton and Stewart 2015) could 42 explain the disappearance of the paternal mitochondria. However, uniparental mitochondrial inheritance is 43 also observed in isogamous species where the two gametes carry similar numbers of mitochondria, implying 44 the existence of specific mechanisms that eliminate the mitochondria of one parent. For example in the 45 unicellular green alga Chlamydomonas reinhardtii the mitochondrial genome contributed by the plus mating 46 type parent is specifically eliminated during zygote maturation (Nakamura 2010 ) and this appears to be 47 under genetic control (Nishimura et al. 2012) . Specific mechanisms also exist to promote uniparental 48 mitochondrial inheritance in oogamous species (Mishra and Chan 2014; Greiner et al. 2015) . These 49 mechanisms are highly diverse and can act either before or after zygote formation. Pre-zygotic mechanisms 50 include the elimination of mitochondria from male gametes, degradation of male gamete mitochondria 51 before fertilisation and prevention of male mitochondria from entering the egg cell during fertilisation. 52
Alternatively, selective degradation of the mitochondria or mitochondrial DNA of one parent can occur after 53 formation of the zygote and again this can occur via several different mechanisms involving, for example, 54 the ubiquitin-proteasome system or autophagy (Sato and Sato 2013) . 55
There is accumulating evidence that many mitochondrial inheritance systems that have been classed as 56 uniparental actually exhibit some level of heteroplasmy (i.e. transmission of both parental mitochondrial 57 genomes to the offspring) or paternal leakage (Breton and Stewart 2015; Greiner et al. 2015) . Strict 58 uniparental inheritance of mitochondria is expected to lead to the accumulation of deleterious mutations in 59 the mitochondrial genome due to the action of Muller's ratchet. It has been proposed that the mechanisms 60 that promote uniparental inheritance are periodically relaxed over evolutionary time to allow mitochondrial 61 genomes to recombine and thereby eliminate deleterious mutations (Takano et al. 2010; Greiner et al. 2015) . 62 "Leakage" of paternal mitochondria through to the progeny is also expected to limit the effects of Muller's 63 ratchet but it is not clear whether leakage alone is sufficient. The broad diversity of the mechanisms by 64 which paternal mitochondria are eliminated (see above) is consistent with periodical relaxation of 65 uniparental inheritance in the sense that these mechanisms would need to re-evolve after each period of 66 relaxed inheritance. 67
A number of organisms exhibit patterns of mitochondrial inheritance that deviate from the usual situation 68 of uniparental maternal inheritance. These variations are of considerable interest because they can provide 69 insights into the evolutionary and molecular mechanisms underlying mitochondrial inheritance. Examples 70 include strict paternal inheritance in some plants including the sequoia tree (Neale et al. 1989 ), banana 71 (Fauré et al. 1994 ) and cucumber (Havey et al. 2004 ). In some organisms more than one mitochondrial 72 genome may be transmitted to the offspring. For example, stable inheritance of maternal heteroplasmy has 73 been described for terrestrial isopod crustaceans (Doublet et al. 2012 ). Biparental mitochondrial 74 transmission has been reported for several species but there do not appear to be any cases where both 75 maternal and paternal mitochondria are systematically transmitted to the zygote and then stably inherited 76 throughout development (Breton and Stewart 2015) . Therefore, even when inheritance is biparental, there 77 are usually mechanisms that limit heteroplasmy, usually by ensuring that individual offspring carry either 78 the maternal or the paternal mitochondria, but not both. For example, in the fungus Coprinopsis cinerea 79 progeny can inherit mitochondria from either one or the other parent (Wilson and Xu 2012) . This pattern of 80 inheritance occurs because heterokaryon formation involves an exchange of parental nuclei, but not 81 mitochondria, between mating partners. In this case, therefore, there is no stage where mitochondria from 82 both parents are mixed in a cell fusion product and therefore no need for selective elimination of 83 mitochondria derived from one of the parents. In the yeasts Saccharomyces cerevisiae and 84
Schizosaccharomyces pombe fusion of isogametes results in heteroplasmy but partitioning of mitochondria 85 during budding actively promotes the formation of homoplasmic daughter cells (Birky 2001) . Several 86 bivalve species exhibit doubly uniparental inheritance, with mitochondrial being transmitted in a sex-87 specific manner (Zouros 2013) . The female (F) mitochondrial genome is transmitted to females and males 88 but the males do not transmit the F genome to their progeny, rather they transmit the male (M) genome, 89 which is transmitted uniquely through the male line. Finally, novel patterns of mitochondrial inheritance 90 have often been reported following inter-specific crosses in a broad range of eukaryotic taxa (Hoarau et 2017) has indicated that the strains used in the 2004 study belonged to distinct cryptic species and therefore 102 that the crosses were inter-specific. Here we analysed mitochondrial inheritance in intra-specific crosses 103 using pairs of strains from two of the recently defined Ectocarpus species (Montecinos et al. 2017 ). For one 104 species (Ectocarpus siliculosus) we observed strict maternal inheritance, as reported previously, but, 105 surprisingly, crosses between different strains of a second species (Ectocarpus species 7) produced progeny 106 that exhibited either paternal uniparental inheritance or an unusual pattern of transmission where progeny 107 inherited either maternal or paternal mitochondria, but not both. 108
The haploid-diploid, sexual life cycle of Ectocarpus involves alternation between the sporophyte generation 109 and male and female individuals (dioicy) of the gametophyte generation (Müller 1967) . Facultative 110 variations on the sexual cycle, observed in laboratory cultures, include the capacity of gametes that do not 111 fuse with a gamete of the opposite sex to develop parthenogenetically to produce a partheno-sporophyte 112 (Müller 1967) . Parthenogenetic capacity appears to be a ubiquitous feature of female gametes but, in some 113 strains, the male gametes are also capable of parthenogenetic development (Mignerot et al. 2019 ). Based on 114 an earlier suggestion that the mechanism that regulates mitochondrial inheritance in brown algae might 115 The mitochondrial genome sequence of the male Ectocarpus species 7 strain Ec32, which had been initially 135 assembled using Sanger sequence data (deposited as Ectocarpus siliculosus with Genbank accession number 136 FP885846.1), was re-evaluated using high-coverage Illumina shotgun sequence data and two sequencing 137 errors were corrected. The corrected Ectocarpus species 7 strain Ec32 mitochondrial genome is available 138 through the accession number FP885846.2 ( fig. 1A ). The mitochondrial genome of the female E. siliculosus 139 strain EA1 was assembled using whole genome shotgun sequence data (supplementary table S1) and the 140 Ec32 genome as a guide ( fig. 1A ). The EA1 mitochondrial genome is available through the accession 141 number MK045263. Whole genome sequence data was then generated for independently isolated strains of 142 both species (RB1 and EcNAP-12-24 for E. siliculosus and Ec568 for Ectocarpus species 7) and each dataset 143 was mapped onto the corresponding, conspecific mitochondrial genome to identify intraspecific 144 polymorphisms. This analysis identified 28 and six intra-specific SNPs for the E. siliculosus and Ectocarpus 145 supplementary table S1). In Ectocarpus species 7, therefore, inheritance appears to be uniparental but two 177 unusual patterns of inheritance were observed, depending on the male parent used: either paternal 178 uniparental inheritance or a situation in which either the maternal or paternal mitochondrial genome was 179 retained, apparently at random. 180 derived from Ec721, are parthenogenetic; supplementary table S1). It is possible that the requirement for 201 functional mitochondria during parthenogenesis leads to the attenuation of mechanisms that would normally 202 prepare male mitochondria for destruction following zygote formation, resulting in a higher probability of 203 the male mitochondria being transmitted to heterozygous sporophyte offspring (Han et al. 2014 ). This is 204 because both zygote development and gamete parthenogenesis involve deployment of the sporophyte 205 developmental program. Consequently, if male mitochondria are marked in some way for destruction during 206 the development of the sporophyte, this process would have to be modified during parthenogenesis because 207 male-gamete-derived partheno-sporophytes possess only male mitochondrial. We hypothesised that the 208 emergence of mechanisms that promote the maintenance of mitochondria in male-gamete-derived partheno-209 sporophytes might also have led to increased transmission of male mitochondria following sexual crosses. 210
Results
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Development of markers to follow mitochondrial inheritance in intraspecific crosses
Droplet digital PCR analysis indicates uniparental inheritance of mitochondria in Ectocarpus
In other words, paternal transmission of mitochondria during sexual crosses may occur as a result of 211 selection to maintain male mitochondria in male-gamete-derived partheno-sporophytes. To investigate this 212 hypothesis, we compared the number of mitochondria in female and male gametes for both Ectocarpus 213 species 7, using the parthenogenetic male strain Ec32, and for E. siliculosus, using the non-parthenogenetic 214 male strains EcNAP12-83, Ec236-191, EcNAP12-80 and Ec236-87 (supplementary table S1, fig. 4 ). This 215 analysis showed that, although female gametes (which are slightly larger than male gametes; Lipinska et al. There is accumulating evidence that GSP1 and GSM1 are derived from an ancient regulatory module and 241 that related regulatory systems play key roles following zygote formation in diverse eukaryotic lineages. 242
For example, genes related to GSP1 and GSM1 have been shown to be necessary for the deployment of the 243 diploid sporophyte generation following gamete fusion in the moss Physcomitrella patens (Sakakibara et genomes to occur provided that the two genomes come into contact, for example due to male mitochondria 259 fusing with female mitochondria in the same cell. To search for potential recombination events, 260 mitochondrial DNA from 93 independent field isolates of E. siliculosus and 40 independent field isolates of 261 Ectocarpus species 7 was genotyped with two and four different mitochondrial markers, respectively 262 (supplementary table S4, fig. 5 ). This analysis indicated that the majority of E. siliculosus isolates carried a 263 hybrid genome with allelic variants corresponding to both of the parental genomes that had been used for 264 the crossing experiments. The majority of Ectocarpus species 7 isolates carried mitochondrial genomes that 265 had the same genotype as one or the other of the parental genomes that had been used for the crossing 266 experiments for this species but 35% of the isolates had recombinant genomes. Moreover, because four 267 markers were used for this species, we were able to show that the field isolates possessed at least three 268 different types of recombinant mitochondrial genome, indicating at least three independent recombination 269 events. We were not able to determine whether different types of recombinant mitochondrial genome were 270 present in the E. siliculosus isolates because only two markers were available for this species. In conclusion, 271 these analyses provided evidence of mitochondrial recombination in both E. siliculosus and Ectocarpus 272 species 7. Note however that the prevalence of recombinant mitochondrial genomes in field isolates does 273 not allow any inference about the frequency of recombination because prevalence may be influenced by were between strains that belonged to different cryptic species. Inter-specific crosses can lead to aberrant 279 patterns of organelle inheritance due to genome incompatibilities. We therefore sought to repeat these 280 experiments using intra-specific crosses. We used complete assemblies of the mitochondrial genomes of E. 281 siliculosus and Ectocarpus species 7, together with whole genome shotgun sequence for several E. 282 siliculosus and Ectocarpus species 7 strains, to identify intra-specific mitochondrial DNA polymorphisms. 283
Intra-specific crosses and genetic markers based on the intra-specific polymorphisms were then used to 284 analyse mitochondrial inheritance in the two species. These analyses detected strict maternal inheritance of 285 mitochondria in E. siliculosus, as previously reported. Mitochondrial inheritance was also uniparental in 286 Ectocarpus species 7 but two different patterns were observed when crosses were carried out with two 287 independently isolated male strains. Progeny derived from crosses with male strain Ec246 exhibited paternal 288 inheritance whereas progeny derived from crosses with male strain Ec32 exhibited either maternal or 289 paternal inheritance, depending on the gamete fusion event. 290
The random inheritance of either maternal or paternal mitochondria observed following crosses with strain 291
Ec32 is particularly interesting. It seems unlikely that a mechanism that differentially marks mitochondria 292 from the two parents to allow selective destruction could act randomly to signal destruction of either the 293 maternal or the paternal mitochondria, depending on the diploid individual (and note that Kimura et al. 294 (2010) did not detect any evidence for differential methylation of mitochondrial DNA in female and male 295 gametes of the related brown alga S. lomentaria). A more likely explanation for the observed pattern of 296 mitochondrial inheritance in Ectocarpus would be the existence of a mechanism that tends to promote 297 homoplasmy (i.e. retention of only one mitochondrial genotype to avoid inter-genomic conflict) but which 298 does not distinguish between maternal and paternal mitochondria. The origin of the mitochondria that are 299 eliminated (i.e. whether they are maternal or paternal) might then simply be determined stochastically or 300 might be influenced by factors such as the relative numbers of mitochondria delivered by each of the two 301 fusing gametes into the zygote or the manner in which mitochondria segregate to daughter cells at each cell 302 division during the growth of the thallus. Note that the analyses carried out here did not provide information 303 about mitochondrial content during the early stages of development of the sporophytes because DNA 304 extractions were carried out after two to three months in culture. 305
One marked difference between the E. siliculosus and Ectocarpus species 7 strains that were used for these 306 crosses was that male gametes of the latter had been shown to be capable of parthenogenesis. We 307 hypothesised that the mechanisms that allow male gametes to retain functional mitochondria for 308 parthenogenesis may result in an increased likelihood of the male mitochondrial being transmitted through 309 sexual crosses. However, the identification of male E. siliculosus strains whose gametes were capable of 310
parthenogenesis and yet which exhibited a strict maternal pattern of mitochondrial inheritance argued 311 against this hypothesis. Nonetheless, we believe that this hypothesis would merit further investigation as it 312 is possible that the situation regarding male gamete parthenogenesis is not the same in the two species, in 313 the sense that parthenogenetic males appear to be rare in E. siliculosus but preliminary analyses indicates 314 that they may be a more common, and perhaps universal, phenomenon in Ectocarpus species 7. In other 315 words, an effect on mitochondrial inheritance may only be seen when male parthenogenesis become a fixed 316 characteristic within a species. 317
We also investigated mitochondrial inheritance in two mutant strains affected in life cycle progression, oro 318 and sam. We did not observe any effect on mitochondrial inheritance in these mutants. This observation 319 suggests that the pleiotropic effect of the C. reinhardtii GSP1 life cycle mutant on mitochondrial inheritance 320 may represent a secondary function of this gene, acquired in addition to its life cycle function by a green 321 lineage ancestor. 322
Finally, the intra-specific mitochondrial markers generated during this study were used to search for 323 evidence of recombination between mitochondrial genomes using collections of field isolates. This analysis 324 detected recombinant mitochondrial genomes at high frequencies in natural populations suggesting that 325 recombination may not be a rare event under field conditions. Note that the ddPCR analyses indicated that 326 the unusual patterns of mitochondrial inheritance observed in this study (paternal or randomly paternal or 327 maternal) all involve uniparental inheritance and, therefore, these inheritance patterns would not necessarily 328 be expected to influence the frequency of mitochondrial genome recombination. 329
In conclusion, we show here that patterns of mitochondrial inheritance vary across different Ectocarpus 330 isolates, with the commonly observed strict maternal inheritance pattern being observed in E. siliculosus 331 strains but unusual pattern of inheritance being observed in Ectocarpus species 7 strains. These observations 332 indicate that mitochondrial inheritance patterns can vary across related species within the same genus and 333 argue for broader analyses of inheritance using multiple strains. We would also like to underline the 334 importance of using intra-specific mitochondrial DNA polymorphisms, which allows the analysis of intra-335 specific crosses and reduces the risk of observing aberrant inheritance patterns due to genome 336 incompatibilities, as may often be the case with inter-specific crosses. The pattern of randomly maternal or 337 paternal uniparental inheritance observed in Ectocarpus species 7 indicates that it is not essential that 338 mitochondria always be inherited from the same parent (i.e. only maternally or only paternally in all crosses) 339 provided that only one parent provides the mitochondria in each particular cross. Consequently, it seems 340 likely that the prevalence of strictly maternal and, more rarely, strictly paternal mitochondrial inheritance across the eukaryotic tree may be the result of it being easier to evolve systems that consistently target the 342 mitochondria from the same parent rather than any fundamental requirement that mitochondrial inheritance 343 be limited to one specific sex or mating type. 344 carried out under sterile conditions in a laminar flow hood. Crosses (listed in supplementary table S1) were 364 carried out using the protocol described by Coelho, Scornet, Rousvoal, N. . Sporophytes 365 derived from crosses were cultivated for two to three months before excision of material for DNA extraction. 366
Material and methods
Genomic sequence data accession numbers for strains Ec32, Ec568, EA1, RB1 and EcNAP-12-24 are 367 provided in supplementary table S1. 368
Extraction of Genomic DNA and Identification of Heterozygous, Diploid Sporophytes
369
Sporophyte tissue (10 to 20 mg wet weight) was frozen in liquid nitrogen and DNA was extracted using the 370 NucleoSpin® Plant II kit (Macherey Nagel) according to the manufacturer's instructions. As some of the sporophytes derived from each cross was assessed using sex markers (supplementary table S3) . were carried out in an Applied Biosystems thermocycler under the following conditions: 3 min at 95°C, 378 then 10 touchdown cycles of 30s 95°C; 30s at 65°C (-1°C/cycle) and 30s at 72°C followed by 25 cycles of 379 30s at 95°C, 30s at 55°C and 30s at 72°C and a final incubation at 72°C for 5 min before storage at 4°C. 380
After amplification, PCR products were separated and visualized on 2% agarose gels. An earlier assembly of the Ectocarpus species 7 strain Ec32 mitochondrial genome was re-evaluated using 384 high-coverage Illumina shotgun sequence data. A draft assembly of the Ectocarpus siliculosus strain EA1 385 genome, including organellar sequences, was generated using the CLC assembler (Qiagen Bioinformatics) 386
and Illumina shotgun DNA-seq data (supplementary table S1). Mitochondrial DNA scaffolds were 387 identified using the Ectocarpus species 7 mitochondrial genome as the query in a Blastn (Altschul et al. 388 1997) search. These scaffolds were then assembled manually to obtain the complete circular Ectocarpus 389 siliculosus strain EA1 mitochondrial genome. The genome was annotated by transferring annotation 390 information from the Ectocarpus species 7 strain Ec32 mitochondrial genome using Geneious R11.1.2 391 (https://www.geneious.com). Circular maps of the Ec32 and EA1 mitochondrial genomes were generated 392 using OGDraw (Lohse et al. 2013) . 393
Intra-specific mitochondrial DNA polymorphisms were identified either by mapping Illumina shotgun 394 DNA-seq data (supplementary table S1) against reference mitochondrial genome assemblies using Bowtie2 395 were carried out with dCAPS primer pairs in an Applied Biosystems thermocycler using the following 412 conditions for Ectocarpus species 7: 3 min at 95°C, then 10 touchdown cycles of 30s 95°C; 30s at 65°C (-413 1°C/cycle) and 30s at 72°C followed by 25 cycles of 30s at 95°C, 30s at 55°C and 30s at 72°C and a final 414 incubation at 72°C for 5 min before storage at 4°C and the following conditions for E. siliculosus: 3 min at 415 95°C, then 10 touchdown cycles of 30s 95°C; 30s at 68°C (-0.1°C/cycle) and 30s at 72°C followed by 25 416 cycles of 30s at 95°C, 30s at 58°C and 30s at 72°C and a final incubation at 72°C for 5 min before storage 417 at 4°C. After amplification, 10 µl of PCR product was digested using five units of the relevant restriction 418 enzyme (supplementary table S3 ). Digestion products were separated and analysed on 2% or 2.5% agarose 419 gels. All marker genotyping tests were carried out twice to ensure that the result was reproducible. ImageJ/Fidji to count the number of mitochondria in each gamete. The strains used for the mitochondrial 442 counts are indicated in supplementary table S1. 443
Evaluation of Parthenogenetic Capacity
444
To evaluate parthenogenetic capacity, released gametes were allowed to settle in a Petri dish and 445 parthenogenetic growth estimated after fifteen days in culture. Strains were scored as parthenogenetic if 446 more than 4% of parthenotes grew beyond the ten-cell stage (Mignerot et al. 2019) . 447
Data Availability
448
All the sequence data used in this study has been submitted to public databases and can be recovered using 449 the accession numbers provided in supplementary table S1. 450 A.
B.
Ectocarpus species 7
Ectocarpus siliculosus
Ec721-18-9
Ec721-18-10 Ec246 721-18-9x246 Z1-6 721-18-10x246 Z1-7
Ec246*
